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TRIE B A S i ] Ab B 4R 3% 27 5 T e A ) ks
35, IH ROUR PO i R S, i ] 2 B AR A
FEHILEORE o A a5] 3 B TR L R B R S S
BIR/NRORDIRAS W] HE IR J5 BAATURR A6 2 FH 1 b s 2% 5
IKERLE 3N 40%~60%), IRI& AR 151 26 A U ZE A&
rAiN: >2.00 mm 4.11%, >1.00~2.00 mm 13.65%,
>0.50~1.00 mm 12.73%, >0.25~0.50 mm 22.44%,
>0.05~0.25 mm 6.92%, >0.02~0.05 mm 29.53%,
<0.02 mm 10.22%.
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Table 1 Basic properties of vermicompost under different
moisture contents

x0.0l(w, — w,) QP

Mmook hiie AL
Group Moisture content/% Unit We_13gh/ Densn_%// Tottal
(grem™) (grem™) porosity/%
Al 25.5243.06 0.51 73
A2 33.12+3.00 0.55 72
A3 41.51+2.12 0.58 1.86+0.19 70
A4 50.22+3.01 0.59 71
A5 65.68+3.05 0.63 68
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Fig.l1 Simulation model of discrete element
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Table 2 Factors and levels of Plackett-Burman experiment
fkF  HE EAKE

Parameters Lowest Average Highest
level (-1level (0)level (+1)
VKA LE Poisson ratio A 0.10 0.30 0.50
BI ] Shear modulus B/MPa 100 550  10.00
WKL B Particle density C/(kg'm™) 1000 1750 2500
W | 3 i ] SR K B R B
Vermicompost-vermicompost collided 0.10 0.40 0.70

restitution coefficient D
RGBSRV BN 2
Vermicompost-vermicompost static friction 0.10 0.55 1.00
coefficient £
T 5] S - T 0| SR B BEHE R
Vermicompost-vermicompost rolling friction 0.05 0.30 0.55
coefficient F
W s A - AN AN R A S R B
Vermicompost-steel collided restitution 0.10 0.40 0.70
coefficient G
i ) A - A A e B AR
Vermicompost-steel static friction coefficient H
WU - AN AR B R 1R R KL
Vermicompost-steel rolling friction coefficient J
JKR K THifE & JKR surface energy K/(J'm™) 0.05 0.35 0.65

0.10 0.50 0.90

0.05 0.275 0.50
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i PB R, BRI IG 45 R 5T T 45 RS PONGEY g = sl 3 JKR 2 18I g > Wi i) 3t 5] SR )RR HE
3R 4 iR, WHESERT UGN, S2pmiy  REO M ARSI R4 Hlsl 2EThyIT U R Bk
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Table 3 Pile angle result of Plackett-Burman design
e | - ] 3 o ) A 1 2 ] ST G 3 MBI S NERAN M S-S Mg SR AN

gt PR BRI o s mimR g wRE RN REIKS RA MBI R R BB RA ok O g
No. P01s§0n modulus/  density/ V-V goll}ded V—Y static V—Y rglllng V-8 c‘oll}ded V—S static V—S} rqllmg energy/ Pile zingle/
ratio MPa (kg‘m'S) I'CStll'I.ltIIOIl ﬁlcthn fr1ct19n restltut}on frlctlgn fr1ct19n (J~m'2) ©)
coefficient coefficient coefficient coefficient coefficient coefficient
1 0.10 1.00 1000 0.70 0.10 0.55 0.10 0.90 0.50 0.65 85.59
2 0.50 10.0 1000 0.70 1.00 0.05 0.10 0.10 0.05 0.65 54.13
3 0.50 1.00 1000 0.10 0.10 0.55 0.10 0.90 0.05 0.65 60.02
4 0.10 1.00 1000 0.10 0.10 0.05 0.10 0.10 0.05 0.05 16.01
5 0.50 1.00 2500 0.10 1.00 0.55 0.70 0.90 0.05 0.05 28.11
6 0.10 1.00 2500 0.10 1.00 0.05 0.70 0.90 0.50 0.65 73.44
7 0.50 1.00 2500 0.70 1.00 0.55 0.10 0.10 0.50 0.65 80.02
8 0.10 10.0 1000 0.70 1.00 0.55 0.70 0.10 0.05 0.65 84.14
9 0.50 1.00 2500 0.70 0.10 0.05 0.10 0.10 0.50 0.05 23.01
10 0.10 10.0 2500 0.10 0.10 0.05 0.10 0.90 0.05 0.65 69.15
11 0.10 1.00 2500 0.70 0.10 0.55 0.70 0.10 0.05 0.05 3771
12 0.10 10.0 1000 0.70 0.10 0.55 0.70 0.90 0.50 0.05 44.83
13 0.10 10.0 2500 0.10 1.00 0.55 0.10 0.10 0.05 0.05 4451
14 0.10 10.0 2500 0.70 1.00 0.05 0.10 0.90 0.50 0.05 2541
15 0.50 1.00 1000 0.70 1.00 0.05 0.70 0.90 0.05 0.05 16.04
16 0.10 1.00 1000 0.10 1.00 0.05 0.70 0.10 0.50 0.65 82.19
17 0.30 5.50 1750 0.40 0.55 0.3 0.40 0.50 0.275 0.35 78.75
18 0.50 10.0 1000 0.10 1.00 0.55 0.10 0.90 0.50 0.05 54.84
19 0.50 10.0 1000 0.10 0.10 0.05 0.70 0.10 0.50 0.05 2537
20 0.50 10.0 2500 0.10 0.10 0.55 0.70 0.10 0.50 0.65 86.03
21 0.50 10.0 2500 0.70 0.10 0.05 0.70 0.90 0.05 0.65 80.22
e R v ARRIREIZE, S HREAEN.
Note: V represents vermicompost, S represents steel in the table.
F 4 PBIFIEIRWAENITLE
Table 4 Analysis of variance of Plackett-Burman design
Re?zfces Frege ?iaegree Ffff?Zt Adj SS Adj MS Fli/iie P}\)/ﬁi;le
7! Model 11 12 170.30 1106.39 13.13 <0.01
2tk Liner 10 11 564.90 1156.49 13.73 <0.01
JHFALEL Poisson ratio 4 1 -5.52 152.30 152.30 1.81 0.21
BY P E Shear modulus B 1 6.65 221.00 221.05 2.62 0.14
YIURL % % Particle density C 1 245 29.90 29.89 0.35 0.57
iz 5] 26 5] T4 1K 52 R B0 V-V collided restitution coefficient D 1 -0.86 3.70 3.67 0.04 0.84
iz 5] 26 5] 275 BEHE R B V-V static friction coefficient £ 1 1.49 11.10 11.09 0.13 0.73
T 5] 26 - Wi 0] VR B BE 2 225U V-V rolling friction coefficient F 1 14.08 991.70 991.65 11.77 <0.01™
Bz 0] 2 -ANFEAN AL VK & 2R B V-S collided restitution coefficient G 1 4.54 103.00 103.01 1.22 0.30
Bz B8] - AR AN EE 4 288 V-S static friction coefficient H 1 0.45 1.00 1.03 0.01 0.92
W | 3 - AR AR VR B BE 1 Z 41 V-S rolling friction coefficient J 1 9.07 411.20 411.23 4.88 <0.05"
JKR #THifi JKR surface energy K 1 4391 9 640.00 9 640.00 114.44 <0.00™
Z5 il Bend 1 605.40 605.35 7.19 0.03
i% % Error 9 758.10 84.24

41t Sum 20 12 928.40




224 Ll THE2AH (http:/www.tcsae.org)

2019 4F

1T 0 18 TR U VE K, 17— b PR 4 /)
R G BB R N (A2 T W s I o VI PSR v TSP
W s - 0] TR B BE R AR A, s S AR AN TR B BE S A
B TKR KR 3 422 ST R bR,
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] 117 i ] - 5] VR 0 PR AR K, ] - MR ANIR BN
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Table 5 Results of steep climbing test

W | - 5] %

WU - AN

25% 5 7K AR M| S HE AN

65% 75 K ZE M 5] HEHEAR

" Ay = % e . JKR #HifE i B4R Pile angle of 25% moisture Pile angle of 65% moisture
GérﬂozIJ S \VZ {5@)]1% %f ifz v I;%Eﬁﬂ@ﬁf:étﬁ JKR surface Simulation vermicompost vermicompost
D e e s T energy/(Fm) result/(%) 50 {h Tz 50 {A [CE=
Test value/(°) Error/% Test value/(°) Error/%
1 0.05 0.05 0.05 16.92 26 56
2 0.15 0.13 0.20 30.94 26 19
3 0.25 0.21 0.35 76.62 22.97 70 38.03 50
4 0.35 0.29 0.50 84.75 73 55
5 0.45 0.35 0.65 87.41 74 56
B ag /N VE A, AT RS, 30k O ] S - Fo6 HMEARWLER
| TR FN R R HUN 0.05~0.25, W 2 ASAAN A B BE Table 6 Results of factorial experiments
N e 2 i LI - Ml 2 ] - AR —
BEREUN 0.05~0.21, JKR FHEE 0.05~0.35 J/m” BEATHT e TREIBEE RN AR AR ; LKRZ&KWFJ; I HEF
n N . N n . N N ? < 7N / N 7] \'/ N 5 VoY
DRSS I HE A A AT R IR B0 1 37 = 5 MR 1K R No,  V-Vrolling VS ollng Robers surfuce 715 0l
i 1 e 4 . e riction Tiction 2 ©
)F% H, % Iz'% *% A ﬁ E/‘J Z: o = Iﬁ ’ {gf @J A #® E-‘ M, *Fl‘ coefficient F coefficient S & KIm™)
R EE RN 6. 1 1 0 1 (035 82.55
o e ] 2 0 (0.15) 1 1 73.61
AL T BT R : : 1 RGO
— - - 2 2 ) :
P=36.9+53F-306]-169K+1322/+474K*+659FK (4) D 1o B 00 2016
(R*=0.9 685) 5 1 102D 0 28.15
REAL e R R e, U T IR IR A9 2 (AR AL, 6 1025 1 0 30.57
N - NE S N v N 7 -1 0 -1 (0.05) 18.24
ERCREE, WLE A AR, RIS A ) 36 8 e ARG
VDR IR 20 JBE 1 2R 0 i i 345 - AN B AN R T B 4% 2R A 9 q 0 | 26.96
JKR EHfE, BE— DT HANE & 7K Nl S iz 5) 10 0 0 (0.13) -1 3431
BZH. N TR A R, T8I AR S K Sl S i 0 " ! 257
RS N N 12 0 0 0 30.11
RIS RIRE, %N 7 M 2, 5 41 2 \ oo
RIS RIRZES /N T 5%, RGBS
*7 REKIESEESHER
Table 7 Validation result and friction parameters of vermicompost
HER BRI HER A7 BAH 5] - ] W 05 - AN JKR i
ZH 5 TAKE Pile angle Pile angle R7E RN PR R A TR BEHE R AL JKR surf: i /
Group Moisture/% experimental simulation Error/% V-V rolling friction ~ V-S rolling friction Su&i’;-ezf nerey
value/(°) value/(°) coefficient coefficient
Al 25.52+3.06 22.670 22.681 0.048 0.134 0.116 0.179
A2 33.12+3.00 26.670 26.691 0.078 0.125 0.120 0.226
A3 41.51£2.12 28.600 28.752 0.528 0.115 0.105 0.234
A4 50.22+3.01 33.150 33.216 0.198 0.114 0.105 0.277
AS 65.68+3.05 38.030 39.054 2.622 0.110 0.102 0.345

B2 ki 545 s REbE

Fig.2 Verification of experiments and simulations
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A E BRI B B 2 o MR WE 3 BT
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K, PWEEHEABEE S KRR/ . 7T LS 25
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B3 AR eKEmREGER N X F
Fig.3 Relationship between normal stress and shear stress of
vermicompost under different moistures
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NFER 0.102, WHE 2B TR, NEEEESH 45.81°
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% THI 280 2 5 20 o 2 i . ) 28 378 50 1k ) e

B4 TRREAKEwE ERD ST
Fig4 Changes of vermicompost fluidity parameters under
different moisture contents
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LRI OSPS: Py &S T G E A TN G
SRS BE B AR, RmFTER R, B
BHERBNIN A e W &, YRR R . SERR

AP T AR R R el W3 O R I 2 M RS R RE .
IKFALT 50% 20, BEHEKEEI, YEHRE)EE R
Hog, WEEESRCN, B 5 RAERIRIZE), AR
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MR AR RNRR LS E, BIAR
B 7K e 5| SRR B M I S BB AR R AT AT, 4
R 1) I3 5 i ] 28 MUK HE AR AR 1 DR 2R D i ] 26 -
WL 05 SR ) R i SR, i) 3E- AN R AN TR B BE HE R 3L, JKR
F 1B (Johnson Kendall Roberts surface energy) ; 2) B
FHHmE 2 S KR 25%TH 5 65%, i 2-tis 2R S
BERE 2% 0.135 FFAZE 0.110, i 2N ANR 5 BEE R
e 0.116 TREZ 0.102, PR A H 45.81°F% % 26.10°,
i JKR LW HEH 0.179 BANZ 0.345 J/m?; 3) HEi5|3Es
IKERBEIN, SECGERAIE N, M 2R sh AR 2 A O
JER DR 7K 43 389 im 5 50 ] 37 S0R 1) % T RE 4 K, UKL )
FRARER N, U E UK 2R AR % I N i ) SR 1
Wt

SRR AR PR R Ry T A ] S A TR, m KR
e 5 3% 280 P v, T DA Ik T B ) i ] 3 KR AR
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Flow properties of vermicompost particle with different moisture contents

Lin Jiacong®?, Luo Shuai'?, Yuan Qiaoxia®**, Cao Hongliang®
(1. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China; 2. Key Laboratory of Agricultural Equipment in
Mid-lower Reaches of the Yangtze River, Ministry of Agriculture and Rural Affairs, Wuhan 430070, China)

Abstract: The earthworm processing of waste is recognized as a very sustainable approach for management of organic wastes.
The vermicompost resulted from this procession has been proved to be practical and useful in farming, substrate nursery, gas
absorbent etc. However, this technology has been widely adopted to treat different organic waste material. Most of scientific
investigation in vermicompost concentrates on its nutrient characteristics and microorganism rather than physical properties.
The flow ability is key factor for the mechanized operation of vermicomposting. The basic parameters like rolling friction
coefficient and surface energy are needed for the equipment design, material calculation, and vermicompost product
manufacture. The moisture content of vermicompost can reach 40%-50% under natural condition, even with high moisture
content, the vermicompost can still keep the granular condition. Flow parameters, such as friction coefficient, cannot simply
test though the normal physical method. In order to provide the quantized flow parameters of vermicompost for mechanization,
in this study, vermicompost transformed from pure cow dung by the worm procession was used. The experiments were
undertaken in condition of different moisture contents, changing from 25%-65%. The friction coefficient and surface energy
were investigated by the method of pile angle simulation and calibration using discrete element method (DEM). First,
Plackett-Burman (PB) design was conducted to select the impacted physical frictional parameter factors that have significant
influence on pile angle. Then, the steep climbing test was conducted to shorten the parameter ranges from the maximum range
of PB design. According to the result of steep climbing test, the response surface methodology (RSM) was carried out to build
the model which can reflect the relationship between pile angle and friction coefficients. Besides, for explaining the flow
ability of vermicompost in further, the direct shearing test was applied to calculate the internal frictional angle of
vermicompost with different moisture contents. The results of experiment indicated that three key factors
vermicompost-vermicompost rolling friction coefficient, vermicompost-steel rolling friction coefficient and Johnson Kendall
Roberts surface bonding energy (JKR surface energy), significantly affected the pile angle (P<0.05). With the rising of
moisture content from 25% to 65%, the vermicompost-vermicompost rolling friction coefficient dropped from 0.135 to 0.110,
the vermicompost-steel rolling friction coefficient dropped from 0.116 to 0.102. From the result, the surface energy was the
most impact factor in three factors, which changed from 0.179 to 0.345 J/m’. The few rise of moisture content can improve the
flow ability of vermicompost significantly under low moisture content condition. When the moisture content was over 50%,
the surface energy and the cohesion force were increased, which would restrict the flow movement of vermicompost to some
extent. The study is expected to provide numerical parameter reference for the practical application and development of
mechanization.

Keywords: manures; moisture; vermicompost; friction coefficient; flow ability; bonding properties; discrete element method
(DEM)



